Abstract. Artefacts caused by eddy currents are a major problem in diffusion-weighted imaging. This is particularly acute in experiments in which a number of images with differing degrees of diffusion weighting and/or differently oriented diffusion-weighting gradients need to be combined. The echo-planar imaging sequence is particularly sensitive to the effects of residual eddy currents, especially due to the low bandwidth in the phase-encoding direction.
Introduction
The discovery that diffusion-weighted imaging (DWI) is capable of detecting cerebral infarction shortly after its onset (Moseley et al 1990b , Mintorovitch et al 1991 has led to the widespread clinical application of this technique. DWI results have additionally been reported to be abnormal in other neurological pathologies such as epilepsy (Hugg et al 1999 , Wieshmann et al 1999 , multiple sclerosis (Horsfield et al 1998) and schizophrenia (Lim et al 1999 , Buchsbaum et al 1998 . In research studies, changes in DWI signal intensity have been utilized to monitor the development of experimental infarction, and quantitative maps of the apparent diffusion coefficient (ADC) may provide indications of histological outcome (HoehnBerlage et al 1995) . In tissues where the cells in a volume element of the order of 1 mm 3 are not randomly oriented water diffusion can appear anisotropic. This offers a unique opportunity to probe tissue structure with diffusion tensor imaging (DTI) (Basser et al 1994a, b, Basser and . This situation is known to occur in white matter within the central nervous system (Moseley et al 1990a) due to the presence of parallel myelinated axons, and in the myocardium (Garrido et al 1994) and other muscle tissues with ordered fibres. The detection of fibre tracts in human brain white matter by means of DTI is expected to contribute significantly to the development of models of brain function. Furthermore, anisotropic diffusion in white matter can be a significant confounding factor for delineation of lesions, and for this reason methods for measuring the trace of the diffusion tensor have been developed (van Gelderen et al 1994 , Wong et al 1995 , Mori and van Zijl 1995 .
Although diffusion anisotropy is also expected to exist to a lower degree in grey matter (Shimony et al 1999) , reliable DTI measurements of grey matter tissue structure have not been achieved to date. Such measurements could open up the possibility of measuring histological properties of cortical areas in vivo. One important reason for this sensitivity limit in DTI is the influence of eddy currents that are produced by the relatively strong diffusion-weighting gradient pulses: the calculation of the full tensor and some methods of measuring the trace (van Gelderen et al 1994) rely on measurements in which the direction of the diffusionweighting gradient varies between experiments. These are then highly vulnerable to the effects of eddy currents which may be unremarkable in a simple DWI experiment, because the degree and nature of the artefacts will typically vary both with the strength and orientation of the diffusion-weighting gradients. Any dependence of image intensity on the direction of the diffusion gradient introduces artefactual anisotropy in the diffusion tensor. The error in the calculated diffusion coefficient can often be neglected in ADC maps but in DTI it can dramatically change the direction which corresponds to the largest measured principal diffusivity. This can lead to an erroneous determination of the fibre direction in the affected voxels.
Eddy current problems are particularly acute in whole-body imaging systems in which space is restricted and the outer winding of the gradient set is in close proximity to the cryostat. While the widespread availability of self-shielded gradients and digital pre-emphasis units has largely eliminated the problem of eddy currents in many imaging experiments, for those requiring diffusion weighting they can still be significant.
Over the last few years a number of different approaches to the eddy current problem in DWI have been proposed, although none of them has become part of a standard DTI set-up. The main reason for this is probably the lack of published information concerning the performance and robustness of the various approaches. No comprehensive overview of strategies for DWI or DTI in the presence of eddy currents exists. In order to ameliorate this situation we present an analysis of the performance for three approaches using DWI with diffusion-sensitizing gradients in three orthogonal directions.
The methods for reducing the effects of eddy currents may be divided into two broad categories. In the first, the diffusion-weighting part of the experiment, generally the StejskalTanner pulsed gradient spin-echo experiment (Stejskal and Tanner 1965) , is left unmodified and some form of correction is applied, which often involves the acquisition of additional data to obtain the correction parameters (Jezzard et al 1998 , Haselgrove and Moore 1996 , Bastin 1999 . The nature of this correction is dependent upon the specific imaging sequence employed. In the second the diffusion-weighting experiment is modified in such a way that fewer eddy currents are produced (Wider et al 1994 , Gibbs and Johnson 1991 , Alexander et al 1997 , Smart et al 1999 . The most comprehensive method proposed to date in the first category is that of Jezzard et al (1998) who proposed post-acquisition correction methods for use in combination with the echo-planar imaging sequence (EPI) (Mansfield 1977) . This corrects for shifting, scaling and shearing in the phase-encoding direction, the latter being a shift that depends on the position in the frequency-encoding direction. The correction factors required are generated from a pair of scans acquired without phase encoding. In the second category the use of bipolar gradient pulses as proposed by Wider et al (1994) (see figure 1) is the most promising, and has previously been shown to give a reduction in artefact level when combined Figure 1 . Diffusion-weighting gradient scheme for the double-SE EPI sequence.
with EPI (Reese et al 1998) . This is because the reduction in the generation of eddy currents is achieved without a significant change in the diffusion weighting for the same echo time (TE). The reason why this scheme is appropriate for suppressing eddy currents can be briefly explained as follows. Eddy currents that persist after a gradient pulse are mainly determined by the time delay between the two switching events at the start and end of the pulse. The two switching events induce eddy currents of opposite sign, which will cancel if the time constant of the eddy currents is much larger than the delay between the events. Eddy currents that have significantly decayed by the time of the second event will not cancel. Hence as the delay between switching events increases, so does the value for the eddy current time constant above which the eddy current effects cancel. These residual eddy currents can be reduced through the introduction of a second gradient pulse of opposite polarity (see appendix).
The effects of eddy currents on the final image depend naturally on the specific imaging sequence employed. Single-shot EPI is widely used because of its speed and insensitivity to motion; however, the very low bandwidth in the phase-encoding direction make it particularly sensitive to unwanted residual gradients. In this paper the efficacy of the two correction schemes outlined above in conjunction with EPI will be compared. An alternative approach to correcting for, or reducing, eddy current effects is to utilize imaging experiments that are expected to be largely insensitive to them (Nolte et al 2000, Koch and Norris 2000) . Singleshot imaging sequences that are based on the RARE experiment (Hennig et al 1986 , Hennig 1988 should be insensitive to constant eddy currents during the echo train, because the effects of the eddy-current induced fields will be refocused. This hypothesis is experimentally tested and the potential use of RARE-based sequences discussed.
Methods
All experiments were performed on a 3 T, 100 cm bore whole-body scanner (MEDSPEC 30/100, Bruker, Ettlingen, Germany) equipped with a self-shielded gradient system (30 mT m −1 maximum gradient strength, 450 µs minimum switching time to maximum strength). All sequences were applied to a gel phantom consisting of agarose in a glass container of about 20 cm diameter placed close to the magnet isocentre and within a 28 cm internal diameter cross-polarized birdcage head resonator that was used both for RF transmission and reception.
Six different diffusion preparation experiments were applied by varying both b value (50 and 800 s mm −2 ) and orientation of the diffusion-weighting gradient pulses. The gradient directions were chosen parallel to the read, phase and slice directions because these components of eddy-current related gradients differ with respect to their effect on the image. A typical DTI experiment, where linear combinations of these gradient directions are used, exhibits a combination of those effects. In all experiments single-shot images were acquired on a 64 × 64 matrix with a 19.2 cm field of view and a slice thickness of 5 mm. Differences in signal intensity caused by the differing diffusion weighting were compensated by averaging the b = 800 s mm −2 images until approximately the same SNR was achieved as for a b = 50 s mm −2 image. In order to assess how the images are affected by the presence of strong diffusion gradients, the images for b = 50 and b = 800 s mm −2 were then subtracted from each other.
EPI experiments
All EPI experiments were performed with a TR of 3 s and an acquisition bandwidth of 100 kHz, giving a total echo-train length of 41 ms. Blipped phase encoding was used with the phase encoding zero at the middle of the echo train which was timed to coincide with the centre of the spin echo. Images were obtained in transaxial section with the readout gradient applied along the x-axis. To remove Nyquist ghosts the images were reconstructed using a phase correction based on a separate reference scan obtained without phase encoding. All the diffusion-weighted images were reconstructed using the same reference scan (with b = 50 s mm −2 diffusion weighting parallel to read). Data acquisition during the readout gradient ramps was also corrected for during reconstruction.
Diffusion weighting for conventional spin-echo (SE) EPI consisted of two gradient pulses flanking the 180
• refocusing pulse, with gradient timings δ = 22 ms (duration) and = 40 ms (separation of onsets). The echo time was 120 ms, which was the minimum echo time for the double-SE EPI sequence for a b value of 800 s mm −2 . The presence of the diffusion gradient pulses made additional spoiler gradients unnecessary.
In the double-SE EPI sequence the RF timing scheme from excitation to the zeroth phase-encoding step was 90
• -TE 1 /2-180
• -(TE 1 +TE 2 )/2-180 • -TE 2 /2. The echo time was TE = TE 1 + TE 2 = 120 ms. Each of the Stejskal diffusion gradients was split into two parts of opposite polarity, separated by a 180
• pulse as shown in figure 1. The b value for the gradient scheme (assuming rectangular gradient pulse shape) is given by
where δ and G are duration and amplitude of the gradient pulses, respectively, is in this context the time delay between the onset of two gradient pulses of the same polarity and a is the duration of the interval between the end of the first and the start of the second gradient pulse. In the double-SE EPI experiments, δ = 9 ms and = 60 ms were used. Spoiler gradients before the positive and after the negative gradient lobes were incorporated to dephase any transverse magnetization created by the 180 • pulses.
Eddy current correction
For all EPI images (both conventional and double-spin-echo EPI) the eddy current correction of Jezzard et al (1998) was applied, and the results with and without correction compared. The reader may refer to Jezzard et al (1998) for details of the algorithm employed. The only significant deviations from this algorithm concerned the correction for eddy current gradients in the phase-encode direction, and the extraction of correction parameters from the measured eddy gradients in the readout direction. It should also be noted that eddy gradients in the slice-selection direction are not corrected for in this approach. In order to measure the eddy-current-related gradients and the B 0 shift during the EPI readout period a separate diffusion-weighted reference scan without phase encoding was acquired for each diffusion gradient strength and direction. Each of these reference scans was repeated with read and phase-encode direction exchanged while leaving the direction of the diffusion gradient unaltered. For simplicity, in the following discussion the directions of readout and phase-encode gradient will be considered to be aligned with the x-and y-axes, respectively.
From the read direction reference scans the eddy-current-related gradients in the read direction, ε x , and the B 0 field shift, ε 0 , were calculated (Jezzard et al 1998) . The algorithm can in principle yield an ε x (and ε 0 ) value for each phase-encoding step. If ε x is not constant over the echo train then this indicates a time dependence of the x gradient. In the experiments reported here the mean of the ε x values for the seven echoes about the zeroth phase-encoding step (k y = 0) was used for phase correction. It would also be possible to either apply a different correction to each individual phase-encode step (which can lead to artefacts since the variance of ε x is large), or to fit a polynomial to the ε x data as a function of the echo number as in the original paper (Jezzard et al 1998) . However, in in vivo experiments (results not shown) neither the individual correction nor a linear fit functioned as well as using the mean value. The ε 0 value was averaged (median value) over all phase-encoding steps. The eddy-current-related y gradient, ε y , was calculated in the same way as the x gradient but using the reference scan which had the readout gradient parallel to the image phase-encode direction.
The correction started with the B 0 shift correction which was performed by applying a one-dimensional phase ramp in the phase-encode direction to the raw image data
where τ pe denotes the time delay between two subsequent phase-encoding blips. After time reversal of the odd echoes and one-dimensional Fourier transformation in the read direction, the x gradient was corrected for by application of a phase ramp in k y proportional to ε x x, i.e. the complex raw data were multiplied by a phase factor according to
For correction of eddy-current-induced y gradients Jezzard suggested a k-space regridding algorithm. We chose an approach instead that simply rescaled the reconstructed images according to the calculated y-gradient amplitude. The images reconstructed from the ε 0 and ε x corrected raw data were expanded to a 64 × f y 2048 matrix using a linear interpolation routine, using a factor
where G y is the maximum amplitude and τ ramp is half the total duration of the triangular phaseencoding gradient blips. An appropriate number of lines were then removed (for f y > 1) or added (for f y < 1) symmetrically at the matrix borders to bring the matrix to exactly 64×2048. In the latter instance this was achieved simply by zero filling. The resulting matrix was then reshrunk to the original matrix size. This procedure rescales in the phase-encode direction by a factor of f y .
U-FLARE
The U-FLARE imaging sequence was used in the displaced version (Norris 1991 , Norris et al 1992 , Norris and Börnert 1993 , starting with a spin-echo diffusion preparation experiment. Diffusion weighting was achieved with the Stejskal-Tanner gradient scheme, just as in the conventional SE EPI sequence. The field of view, slice orientation, slice thickness, timing of the diffusion weighting gradients, repetition time and receiver bandwidth were the same as in the EPI experiments. The echo time in the preparation experiment was in this instance 70 ms. The refocusing pulses in the imaging sequence (70 • flip angle, sinc shape, 2 ms duration) had a spacing of TE = 4.4 ms, and seven refocusing cycles were applied prior to data acquisition to ensure that the signal had reached a steady state. Centre-out phase encoding was applied as this offers high sensitivity, resulting in an effective echo time of 121 ms. The total echo train length including dummy cycles was 317 ms. All RF pulses in the sequence were sliceselective. Excitation and refocusing pulses in the preparation experiment were 3 ms long and Gaussian shaped.
Results

Conventional SE EPI
In the difference images for conventional SE EPI shown in figure 2 the typical EPI image artefacts as described previously (Haselgrove and Moore 1996) lead to visible signal differences at the edges of the phantom. In the images with diffusion weighting in the phase-encoding or slice directions, an image shift is the most striking artefact. The difference images show a clearly visible dark and light edge, one pixel wide, at the border between phantom and background. Although somewhat diminished by eddy current correction, it is still apparent in the corrected images. With the diffusion gradient in the read direction a shear occurs as predicted for eddy currents that cause a magnetic field gradient in the read direction. This is successfully removed by the correction algorithm. However, a new artefact is introduced, i.e. a ringing similar to the artefacts found if sampling during ramping of the read gradient is not corrected for. An image scaling due to eddy gradients in the phase-encode direction is not visible to the naked eye. Table 1 , however, shows that the correction algorithm nevertheless detects a gradient in the phase-encode direction and corrects for it.
With the diffusion gradient in the slice direction, and to a lesser extent in the phase direction, high-spatial-frequency ghosting is clearly visible in the difference images. This indicates that the ghost artefacts in EPI images are affected by eddy currents. An alternative explanation would be that the performance of the automatic phase correction depends on the presence of eddy currents. In order to investigate the latter possibility we performed a further experiment (results not shown) where in image reconstruction six separate diffusion-weighted reference scans were used for phase correction. Each image was corrected by means of the corresponding reference scan, i.e. the reference scan with the same diffusion gradient strength and direction. No improvement was observed in the images reconstructed in this manner compared with the images reconstructed by means of just one single reference scan (weighted with b = 50 s mm −2 along the read direction). These artefacts are believed to arise from short-time-constant eddy currents induced in the birdcage resonator, and are as such system specific.
Close examination of figure 2 reveals that the noise in the corrected images is smoother than before correction. This is because the interpolation used in the correction procedure has a smoothing effect on image noise. Table 1 . Eddy-current-related gradients and field offsets for low and high b values, for three diffusion gradient directions. The correction factor f y that was defined in equation (4) 
The correction algorithm clearly does not entirely eliminate all artefacts. There are at least two possible reasons for this: the first is that if the eddy currents vary during the echo train then they should only cause a blurring effect (Jezzard et al 1998) through the echo train can introduce errors in the correction parameters. A second possibility is that the algorithm assumes that the field gradients are constant over the whole object, which may not be the case.
Double-SE EPI
The form of the artefacts found in double-SE EPI images (see figure 3) did not differ qualitatively from those of the single-SE EPI sequence. Again shearing is observed for diffusion weighting in the read direction, and an image shift occurs with diffusion gradients along the phase-encoding or slice directions. However, compared with the conventional SE EPI method the differences between high and low diffusion weighting are small. Even in the double-SE EPI sequence eddy currents are strong enough to affect the imaging part of the sequence. The eddy currents, however, are greatly reduced.
Application of the eddy current correction method to the double-SE EPI data brings the difference values down to the order of the noise level. The largest improvement compared with the conventional SE EPI sequence is the reduction in the B 0 field shifts. The amount of shearing does not seem to be significantly reduced for our system. The values for ε 0 in table 1 are considerably reduced in the phase-encode and slice direction case, compared with conventional SE EPI. The amplitude of the measured read-direction eddy current gradients is similar for both sequences. The correction parameters obtained for both EPI experiments are summarized in the two tables. The relatively large value of |ε y | in the case of weak diffusion weighting is almost certainly caused by the presence of inhomogeneity gradients in this direction. In comparing the correction factors between the two experiments it should be borne in mind that the double spin-echo experiment will generate eddy currents of opposite polarity to the single spin-echo one (see appendix). Table 2 reflects the eddy current effects that are visible in the uncorrected images in figures 2 and 3. For both SE and double-SE EPI, the largest shift artefact and |ε 0 | value occurs with the phase-encode and slice direction gradients, and the largest shear and |ε x | value occurs with the diffusion gradient in the read direction. It remains unclear, however, why some values of | ε i | (i = 0, x, y) in table 2 are larger for the double-SE EPI sequence than for SE EPI. In all cases where for SE EPI the value of |ε i | is considerably larger for b = 800 s mm −2 than for b = 50 s mm −2 , the double-SE approach yields an improvement compared with SE EPI, i.e. a smaller value of | ε i | (i = 0, x, y). Figure 4 shows the differences between high and low diffusion weighting for the U-FLARE sequence. The artefacts manifest themselves as a signal loss near the phantom boundaries in the phase-encode direction, which is most prominent with the diffusion gradient in phase direction. The artefact level is lower than in the uncorrected SE EPI images. Importantly, shear, scale or shift artefacts do not occur. Possible causes for the artefacts will be described below.
U-FLARE
Discussion
The correction scheme proposed by Jezzard et al (1998) considers eddy current effects to be constant during the EPI acquisition period. As this is generally of about 50 ms duration the assumption is not unreasonable. In this situation the effects of eddy currents are identical to those of constant linear gradients produced, for example, by static field inhomogeneity combined with off-resonance effects, both of which have been reported in the EPI literature (Johnson and Hutchison 1985) . Naturally the strength of these effects is dependent on the diffusion-weighting gradients employed, and experiments such as DTI which often require a variation both in the orientation and strength of the diffusion-weighting gradient, will require a correspondingly large number of correction experiments. If eddy currents are produced in the slice-selection direction then these may lead to signal losses which are not corrected in this scheme. The double-spin-echo scheme significantly reduces the artefact level for very little cost in experimental duration, although it is not clear why the magnitude of the shear gradient remains largely unaltered. If sufficient time is available then combination of the two experiments will lead to a further improvement. It is, however, questionable whether the small expected improvement is worth the effort of postprocessing all images. Although the increase in total measuring time by a factor of three for the correction approach for single-shot EPI (Jezzard et al 1998) is less for measurements with many averages (as in DTI studies for example) or if one reference scan is acquired anyway for Nyquist ghost removal, the doublespin-echo method is normally the better choice in terms of measuring time. If a series of images is to be obtained in which only the b value is varied by means of varying the strength of the diffusion weighting gradients, and if one set of images is obtained with a b value close to zero, then the correction scheme of Haselgrove and Moore (1996) may be applied without an experimental time penalty.
If the double spin-echo experiment is to be used without a significant increase in TE then only a short delay can be permitted between switching off the first gradient pulse in the pair and the 180
• pulse. It is hence necessary to have good correction of short-time-constant eddy currents in order to use this scheme.
The U-FLARE experiment offers images with less geometrical distortion than EPI, but the lower sensitivity and higher SAR of this experiment makes EPI preferable in most situations. As argued above, if the eddy currents are constant during the echo train then their effect is identical to that of linear inhomogeneity gradients and as such will be corrected by a RAREtype sequence. The duration of the echo train in U-FLARE can be an order of magnitude longer than for EPI, and the assumption of constant eddy current effects is then unlikely to be valid. In the centre-out phase-encoding scheme employed here the highest k-space coordinates are collected at the end of the echo train. Any temporal variation in the eddy current gradient will mean that each coherence pathway that contributes to the signal will have experienced a different total gradient, and the net signal will hence be reduced. The resulting diminution of the intensity will affect the higher spatial frequencies and will hence be primarily visible at the edges perpendicular to the phase-encoding direction of the phantom used. Despite this secondary effect, the sensitivity of displaced U-FLARE to eddy current effects is markedly less than that of EPI and its use may well be considered in situations where strong eddy currents or poor main field homogeneity are present.
